Introduction
Infection of animal cells by enveloped viruses involves fusion between the viral envelope and a cell membrane. The fusogenic potential of viruses was studied in vitro with systems using erythrocytes, cultured cells, and liposomes as target membranes [5, 7, 16, 18, 19] . Membrane fusion is induced by paramyxoviruses at neutral pH, which implies that these viruses enter the host cell by fusion of the viral envelop with the plasma membrane at the cell surface [1, 2] . In contrast, cell fusion activities of Semliki Forest virus, influenza virus, and vesicular stomatitis virus strictly depend on acidic pH levels [3, 4, 17, 18-1. Low pH is used experimentally to simulate conditions existing within the acidic intracellular vesicles where penetration by these viruses is thought to occur.
Cell fusion and polykaryon formation in cultures infected with bovine coronavirus (BCV) occur late in the virus replication cycle. In some types of host cells, polykaryocytosis is dependent on the presence of trypsin during the course of BCV replication [14] . The membrane events of virus-induced cell fusion and virus-cell fusion during entry appear to be based on the same principle [8] . The mode of BCV penetration of the host cell has not been clearly defined. We analyzed the trypsin-dependent cell fusion of BCV-infected BFS cells and found that the range of pH 7.5 to 8.0 was optimal for polykaryon formation. 
Materials and methods

Virus and cells
Stock preparations of the Mebus strain L9 of BCV [12] were propagated in the human rectal tumor cell line HRT-18 [9] . Virus stocks were generated from cells infected at a multiplicity of 0.01 PFU per cell, incubated for 4 to 5 days at 37 °C in Dulbecco's modified Eagle medium (DMEM) buffered with 44 mM NaHCO3, and harvested by freeze-thawing. Viral titers in these preparations ranged from l 0 6 to 10 7 PFU per ml. The D 2 strain of BFS cells was maintained in minimal essential medium (MEM) buffered with 25mM HEPES and supplemented with 10% fetal calf serum.
Effect of trypsin and trypsin inhibitors
Cell monolayers were grown in 25 c m 2 flasks to analyze the effects of trypsin and trypsin inhibitors on BCV replication. The cells were inoculated with BCV at a multiplicity of 2 PFU per cell, incubated in MEM containing trypsin (0.4 ug per ml; Sigma Chemical Company) treated with L-l-tosylamide-2-phenylethyl chloromethyl ketone, an inhibitor of chymotrypsin activity. Trypsin-treated and untreated cultures were also exposed to soybean trypsin inhibitor (0.4 gg per ml; Sigma Chemical Company) during the period of trypsin treatment. After 24 h, the cultures were subjected to two freeze-thaw cycles and disrupted on ice by sound treatment (Branson Sonic Power Company) for 30 sec to release the virus. Virus yields were determined by plaque assays and hemagglutination assays.
BCV-induced polykaryon formation
Monolayers of BFS cells were grown in 24-well plates for analysis of virus-induced polykaryon formation. Cultures infected at a multiplicity of 20 PFU per cell were maintained in MEM with and without the addition of 0.4 ~tg of soybean trypsin inhibitor per ml. The cultures were incubated for 26 h of infection, fixed for 10 min in Bouin's fixative and stained with Giemsa. The cells were examined microscopically with a 25 X objective, and the extent of cell fusion was scored by counting the number of polykaryons with 4 or more nuclei in 5 randomly selected fields.
Experiments were conducted to identify the time period during which fusion of BCVinfected BFS cells is mediated by trypsin. Each infected monolayer was exposed to trypsin for 1-, 2-, or 4-h intervals during the period of virus replication. After 26 h, the monolayers were fixed, stained, and scored for polykaryon formation.
Effect of pH on BCV-induced cell fusion
The effects of various pH levels on polykaryon formation were determined. The monolayers were infected as described above and incubated in MEM buffered with 10 mM HEPES and 10 mM MES at pH 7.0, 7.5, and 8.0 for 19h at 37°C without trypsin. The cells then were treated for 2 h at 37 °C with 1.0 ~tg of trypsin per ml of MEM at various pH levels. The trypsin treatment was terminated and the monolayers were incubated for an additional 5 h in trypsin-free medium at pH 8.0 before fixation and staining.
Influence of antibody on cell fusion
Antibody suppression of cell fusion was tested with IgG fractions of rabbit anti-BCV serum and of normal rabbit serum that were obtained by protein A-sepharose column chromatography. The ability of anti-BCV IgG to affect polykaryon formation at 37 °C was tested by two procedures: (i) Infected cell monolayers were incubated for 6 h in trypsin-free MEM then exposed to MEM that contained antibody freshly diluted with trypsin containing medium. These monolayers were fixed and stained after 18 h of infection. (ii) Monolayers were infected for 9 h and then treated with antibody for 1 h in the absence of trypsin. The cells were covered with medium containing trypsin after the antibody treatment, incubated for an additional 8 h, and then fixed.
Results
Trypsin-dependence of BCV cell fusion
Polykaryon formation in BFS cells required the presence of trypsin at some time during virus replication. Cell fusion failed to occur in infected cultures without trypsin or when soybean trypsin inhibitor was present during trypsin Experiments conducted to identify the period of virus infection susceptible to trypsin activation of fusion revealed that the onset of cell-to-cell fusion occurred at about 18 h after infection with continuous trypsin treatment. This treatment resulted in large multinucleated cells by 26 h (Fig. 1) . A single 1-to 2-h trypsin treatment 10h and later after infection induced formation of polykaryons. These polykaryons generally were smaller and contained fewer nuclei per cell than the fusion products of continuous trypsin treatment. Intervals of trypsin treatment that ended prior to 14 h after infection produced less than 6% polykaryocytosis (Fig. 2) .
The period of maximal enhancement by trypsin treatment coincided with the observed onset of cell fusion in cultures treated continuously with trypsin.
The optimal time may be related to the appearance of a critical level of the BCV fusion proteins on the cell surface. Trypsin treatments that began at 22 or 24h induced fewer polykaryons, possibly, because insufficient time was available for the fusing cells to coalesce and become visibly multinucleated.
Influence of pH on polykaryon formation
The greatest number of polykaryons (74 to 124 per field) developed in monolayers treated for a 2 or 4 h interval during the period between 18 and 22 h after infection. The brief trypsin treatment was used to test for the optimal activity level to avoid possible fluctuations in pH that might occur during a prolonged treatment. Trypsin treatment at pH7.5 and 8.0 resulted in 20% and 39% polykaryocytosis, respectively, while treatments with media at lower or higher pH levels failed to support polykaryon development. This result indicated that the fusion function of BCV did not depend on acidic conditions.
Effect of BCV antibody on cell fusion
Fusion suppression by anti-BCV antibody was demonstrated by two different experimental protocols. Exposure at 6 h after infection to medium containing both trypsin and antibody reduced polykaryon formation by 50%. Greater reduction occurred when infected monolayers were pretreated with the antibody. Pre-incubation with the antibody before trypsin treatment suppressed polykaryon formation by 81% over similar infected monolayers incubated with normal rabbit serum IgG. The suppression by antibody indicated that coronaviral components were involved in cell fusion.
Discussion
Trypsin treatments of BCV-infected BFS cells during the time of maximal fusion enhancement were effective only with media of pH levels 7.5 to 8.0. Trypsin was added in this experiment at 1.0 gg per ml, a level 5 fold greater than that needed for cell fusion with continuous treatment at pH 7.8. The apparent ineffectiveness of treatments at acidic pH levels may be related to the optimal pH range for trypsin activity. Further investigation is necessary to determine the full range of pH levels at which the viral fusion protein is active. Our results thus indicate that BCV-induced cell fusion occurs at alkaline pH levels. Therefore, the fusion protein of this BCV is not strictly dependent on pH levels of 6 or less for activity.
Trypsin-treatment has a pronounced effect on BCV infectivity when limiting viral dilutions are employed [St. Cyr-Coats et al., submitted for publication]. This amplification of BCV infectivity is apparently unable to account for the trypsin dependence of cell fusion activity. Treatment with trypsin or trypsin inhibitor under our conditions of single cycle virus replication increased the hemagglutination titer but had only moderate effects on the yield of infectious virus. Trypsin modification of BCV proteins appears to activate the viral fusion factor without producing a net change in the total number of infectious particles under these conditions. The viral component responsible for trypsin-activated cell fusion is most likely expressed at the plasmalemma of the infected HRT-18 cell [Payne et al., submitted for publication].
Cells infected with BCV fused in slightly basic environments. In this respect, the fusogenic potential of BCV resembles the paramyxovirus type of fusion activity. The trypsin requirement of the BCV fusion factor may involve a maturational cleavage of a coronaviral component analogous to the F protein 32 H.R. Payne and J. Storz of paramyxovirus [1, 10, 11] . Although the fusion protein of BCV has not been clearly identified, recent work revealed that trypsin treatment of BCV-infected BFS cells or virions purified from this system modifies the 185 kd protein of the BCV envelope with a concommitant emergence of the 100 kd protein, a change observable only under reducing conditions [ 13] . The membrane fusion activity of another coronavirus, mouse hepatitis virus, also occurs at neutral and slightly alkaline pH levels [15-1. Like paramyxoviruses, coronaviruses may be capable of penetrating the host cell by fusion with the plasma membrane during infectious entry.
The fusion activity of alphaviruses, rhabdoviruses and orthomyxoviruses strictly requires exposure of the virus-cell complex to acidic conditions [3, 4, t7, 18] . Cell fusion can be induced at physiological pH by paramyxoviruses, either among cells treated under conditions of fusion from without, or among infected cells with fusion from within [1, 6] . A specific glycoprotein component (F) of the paramyxovirus envelope is known to be involved in this membrane fusion activity. The precursor form of the F protein which is expressed at the surface of nonpermissive cells can be activated by treatment with an exogenous protease that cleaves the precursor at a specific site [10, 11] .
